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Summary
Lymphopoiesis occurs throughout adult life, but the
number of lymphocytes produced is substantially re-
ducedinold individuals.Thiscommentarywillhighlight
observations suggesting that common mechanisms
underlie declines in both B and T cell production and
that reductions in lymphopoiesis are initiated much
earlier than has generally been appreciated.
B and T lymphocytes are derived from hematopoietic
stem cells (HSCs), and once their development in primary
lymphoid organs is complete, these newlyproduced cells
migrate to the periphery, where they further mature and,
ultimately, encounter antigen (Nagasawa, 2006; Rothen-
berg and Taghon, 2005). However, whereas lymphopoie-
sis occurs throughout adult life, it is now well established
that the number of lymphocytes produced is substan-
tially reduced in old individuals.Thymic involution isargu-
ably the ‘‘poster child’’ for the decrease in T cell produc-
tion (Taub and Longo, 2005), but it is clear that B cell
development in the bone marrow is also reduced with
age (Miller and Allman, 2003). As a result, fewer naive
lymphocytes may enter the peripheral lymphocyte pool
in old individuals.
Several reviews that have detailed the effects of aging
on lymphocyte development have been published within
the last year (Min et al., 2005; Taub and Longo, 2005; Miller
and Allman, 2005). Rather than repeating the information
contained in them, this commentary will instead focus
on new perspectives that have been suggested by recent
experimental observations and will highlight issues that
remain to be addressed. Two themes will be developed.
The first is that the functional defects that compromise
B and T cell development in old mice are remarkably sim-
ilar for both lineages. However, as will be discussed, the
factors that underlie and trigger these age-related abnor-
malities have not been fully elucidated. The remaining
sections will highlight recent observations suggesting
that lymphopoiesis wanes soon after peak production is
attained and that the timing with which this occurs does
not correlate with chronological age. In fact, for some
lymphoid lineages, reduced progenitor cell production is
observed during fetal life, raising the possibility that the
factors responsible for declines in lymphopoiesis may be
distinct from those that regulate aging in other cell types.
Multiple Factors May Influence Declines in
Lymphopoiesis
Involution of the thymus is perhaps the most well recog-
nized, age-related change in the immune system (Taub
*Correspondence: kdorshki@mednet.ucla.eduand Longo, 2005). However, murine studies have clearly
documented that the production of B lineage cells in the
bone marrow is also substantially reduced in old animals
(Min et al., 2006; Labrie et al., 2004; Van der Put et al.,
2004; Miller and Allman, 2003; Johnson et al., 2002).
The view of how aging affects thymopoiesis has
evolved over the past few years in parallel with advances
in the characterization of T cell precursors within that or-
gan. It was initially reported that the number of T cell
progenitors increases with age based on studies that
examined the CD42CD82CD44+CD252 double negative
1 (DN1) subset of cells (Aspinall and Andrew, 2001; Tho-
man, 1997). However, this DN1 subset contains a sub-
stantial proportion of non-T lineage cells that must be
excluded in order to define the status of immature T
cell progenitors within the thymus. Accordingly, when
focus is placed on a subset of DN1 cells defined as line-
age negative (Lin2) CD44hiCD252CD117hiCD127lo or neg,
a much different view of how aging affects the most im-
mature intrathymic progenitors emerged. The DN1 sub-
set defined by this phenotype, termed the early T lineage
progenitor (ETP; Allman et al., 2003), can be further sub-
divided based on CD24 expression (Porritt et al., 2004)
and appears to include canonical T cell progenitors
based on their high and sustained T cell progenitor ac-
tivity in vitro and in vivo. Two independent laboratories
have now reported that ETP numbers are markedly re-
duced in the thymus of old animals (Min et al., 2005;
Heng et al., 2005).
Declines in B lymphopoiesis are also observed in old
mice. Distinct stages of B cell development have been
defined based on expression of cell surface determi-
nants and the status of immunoglobulin gene rearrange-
ments (Igarashi et al., 2002; Figure 1), and it is clear that
the frequency and number of common lymphoid pro-
genitors (CLP; Kondo et al., 1997), considered herein
to be an early B lineage specified population (Bhandoola
et al., 2003), pre-pro-B cells, pro-B cells, and pre-B cells
are markedly reduced in the old animals (Min et al., 2006;
Miller and Allman, 2003; Labrie et al., 2004; Johnson
et al., 2002; Van der Put et al., 2004).
Common, age-related defects appear to be responsi-
ble for the progenitor cell reductions described above.
For example, the frequency of ETP, CLP, pre-pro-B, and
pro-B cells that can be labeled with antibodies to Ki-67
is reduced in old mice, indicating that fewer cells are pro-
liferating. In addition, the developmental potential of T
and B cell progenitors is also compromised by age. ETP
from old mice mature less efficiently than do progenitors
from young animals, and CLP from aged mice do not effi-
ciently generate pre-pro-B cells (Min et al., 2006), and the
pro-B to pre-B cell transition is also compromised (Labrie
et al., 2004). Together, the combination of reduced prolif-
eration along with the diminished efficiency with which
these progenitors mature and fill downstream compart-
ments is responsible in part for reduced numbers of cells
at various stages of T and B cell development.
Initial reports proposed that, in addition to being
increased in number, DN1 cells in the old thymus had
normal developmental potential (Aspinall and Andrew,
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660Figure 1. Effect of Aging on Fetal and Adult Lymphocyte Development
The figure depicts the current model of myeloid and lympoid cell development. As indicated in the figure, hematopoiesis initiates around midg-
estation in embryos, and gd T cells and B-1 B cells are produced primarily during this period. The thickness of the lines under each of the lineages
indicates relative cell production over time, with thick lines indicating maximal production and thin lines waning production. B-1, B-1 B cells; B-2,
B-2 B cells; CD4+ and CD8+, mature T cells; CD4+CD8+, double positive thymocytes; CLP, common lymphoid progenitor; CMP, common myeloid
progenitor; DN2, CD44+CD25+ thymocytes; DN3, CD442CD25+ thymocytes; DN4, CD442CD252 thymocytes; MPP, multipotential progenitor;
ELP, early lymphoid progenitor; ETP, early T cell progenitor; GMP, granulocyte-macrophage progenitor, HSC, pluripotent hematopoietic
stem cell; MEP, megakaryocyte-erythroid progenitor; Mk, megakaryocytes; Mo, monocyte and macrophages; PMN, neutrophils; Pre-proB,
ProB and PreB, immature B lineage cells; RBC, red blood cells; gd, gd T cells.2001). However, recent observations indicate that ETP
from old mice still exhibit proliferative and differentiative
defects even when exposed to a young environment
(Min et al., 2005). Similarly, when pro-B cells from old
mice are cultured in nonlimiting concentrations of IL-7,
they do not proliferate as extensively as do pro-B cells
from young animals (Miller and Allman, 2003; Stephan
et al., 1997). Together, these observations indicate the
existence of intrinsic defects in immature T and B cell
progenitors. A recent study showing that the expression
of genes that regulate lymphoid specification are down-
regulated and that those which mediate myeloid specifi-
cation are upregulated in aged HSCs (Rossi et al., 2005)
not only substantiates the conclusion that age-related,
progenitor-intrinsic defects occur but indicates that
these are manifest at the earliest stages of development.
In addition to these progenitor-intrinsic defects, aging
may trigger systemic or microenvironmental changes
that also compromise lymphopoiesis. For example, it
is clear that the stromal cell network in the involuted thy-
mus is altered, and this could occur because of a de-
crease in one or more stromal cell populations or their
loss altogether (Taub and Longo, 2005). Bone marrow
stromal cells from old mice have been reported to se-
crete IL-7 inefficiently (Stephan et al., 1998), and a recent
study demonstrated that B lineage progenitors from old
mice differentiated normally when transferred into
young, but not old, recipients (Labrie et al., 2004). The
latter results would suggest that age-related declinesin B cell development are due exclusively to changes
to the environment, but this view is difficult to reconcile
with the above data indicating that intrinsic changes ac-
cumulate in lymphoid progenitors.
That declines in lymphocyte production are a feature
of senescence is not in dispute. However, the critical
question is what triggers age-related changes in lym-
phoid progenitors or cells of the hematopoietic microen-
vironment? On the one hand, intrinsic changes in HSCs
and lymphoid progenitors as well as in stromal cells
may be independent events preprogrammed in the
genome. In this case, a combination of intrinsic, age-
related defects in these cells would be responsible for
reductions in lymphocyte production. Another possibil-
ity is that age-related defects in supporting thymic or
bone marrow stromal cells are in turn responsible for
triggering changes in lymphoid progenitors. For exam-
ple, aging could alter the extracellular milieu, and this in
turn could potentiate epigenetic changes in HSCs and/
or early lymphoid progenitors that affect their ability to
proliferate and differentiate. Finally, further complicating
matters is the fact that reduced lymphopoiesis could in
turn affect the lymphopoietic support potential of the
hematopoietic microevironment. For example, the main-
tenance of thymic stromal cells may be influenced by
thymocytes themselves (Blackburn and Manley, 2004).
Thus, a decrease in lymphocyte production might initiate
microenvironmental changes that in turn further com-
promise lymphopoiesis.
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Chronological Age
Although lymphocyte production is reduced in old
mice, the age at which these reductions first occur
has generally not been a consideration. However,
when recent reports are assessed from this perspec-
tive, an emerging view is that declines in lymphopoiesis
initiate earlier in life than has been generally appreci-
ated. For example, the prevailing view has been that
thymic involution is a puberty-associated event, but re-
cent observations in mice and man suggest that the
process may be well underway by that time. Thymus
cellularity in 3-month-old mice is already reduced
one-third from peak numbers in 1-month-old animals.
In contrast to the usual reliance on animal models, it
is human studies that provide the strongest evidence
for an early initiation of thymic involution (Steinmann,
1986). Thymic tissue from healthy humans ranging
from a few months old to 100 years of age was ob-
tained, and the volume of thymic cortical and medullary
tissue in these individuals was quantified. Surprisingly,
the size of these areas was already decreased by 1
year of age, indicating that thymic involution initiates
well before puberty.
Declines in B cell production appear to initiate rela-
tively early in life as well. In support of this conclusion
are data from Miller and Allman (2003), who analyzed B
cell development in mice between 2 and 24 months of
age and showed that the frequency and number of
CLP, pre-pro-B, and pro-B cells are already reduced by
6 months of age. A more precise definition of when
declines in B cell development are first observed would
require additional analyses of mice younger than 6
months of age.
Taken together, these results strongly suggest that B
and T cell production does not decline precipitously
when animals reach old age. Instead, the decline ap-
pears to initiate early in life after peak progenitor num-
bers are reached and then proceeds progressively
thereafter. As described below, the recent characteriza-
tion of a unique B-1 B cell progenitor provides additional
support for this hypothesis.
Declines in Lymphopoiesis Can Be Observed
during Embryogenesis
B-1 B cells can be distinguished from the predominant
population of bone marrow-derived B cells, often re-
ferred to as B-2 B cells, based on phenotype, tissue
distribution, and function. B-1 B cells have a distinctive
sIgMhisIgDloCDllb+CD5+/2 phenotype and constitute
most of the cells present in the pleural and peritoneal
cavities (Baumgarth et al., 2005). A B-1 B cell specified
progenitor has recently been identified in fetal tissues
and postnatal bone marrow (Montecino-Rodriguez
et al., 2006), and the quantification of these cells sup-
ports the hypothesis that lymphoid progenitor numbers
are high during early development and decline soon
thereafter. These B-1 B cell progenitors are identified
by their unusual Lin2CD45R2CD19+ phenotype and
can first be identified in fetal liver on day 11–12 of gesta-
tion and subsequently in fetal bone marrow around day
15 of development (Montecino-Rodriguez et al., 2006).
This latter tissue becomes hematopoietic around this
time, and few if any progenitors for B-2 B cells can be
identified.Of relevance to the present discussion is that the
number of these CD45R2CD19+ cells is highest during
midgestation in the mouse, but by birth their frequency
and number have declined precipitously before stabiliz-
ing at very low levels (<0.5%) in postnatal bone marrow.
A similar kinetics in the production and decline of gd
T cells expressing the Vg3 family has been documented
as well (Ikuta et al., 1990). Taken together, these obser-
vations suggest that, at least for some lymphocyte pop-
ulations, declines in progenitor cell production number
occur during fetal life.
As noted in the previous section, lymphoid progeni-
tors in the thymus and bone marrow from old mice
exhibit a diminished proliferative potential. It was there-
fore of interest to determine whether reduced prolifera-
tive potential paralleled the decline in the number of
CD45R2CD19+ cells. This was the case, as the prolifer-
ative response of fetal derived B-1 B cell progenitors
to thymic stromal lymphopoietic (TSLP) was ten-fold
higher than their counterparts from adult bone marrow
(Montecino-Rodriguez et al., 2006). These observations
are consistent with the conclusion that the efficiency
with which lymphoid progenitors proliferate is not sus-
tained throughout life.
Is Reduced Lymphocyte Production an Aging
Phenomenon?
The pattern of B and T cell production reviewed above
contrasts with myelopoiesis, where the frequency of
common myeloid, granulocyte-macrophage, and mega-
karyocyte-erythroid progenitors and the potential of
these precursors to generate mature end cells is unaf-
fected by aging (Figure 1; Min et al., 2006; Rossi et al.,
2005). There is no clear answer to the question of why
selective declines in lymphopoiesis occur or what ad-
vantage this would confer to the organism.
Another question is whether it is appropriate to charac-
terize declines in lymphopoiesis as an aging phenome-
non, because that process is observed in relatively
‘‘young’’ animals and for some lymphoid lineages in the
embryo. Interestingly, aging at the cellular level has been
reported to involve downregulation of genes involved in
DNA repair and response to stress, and increased expres-
sion of genes regulating the inflammatory response.
However, as noted by Rossi and colleagues (2005), such
changes in gene expression were not observed in HSCs
isolated from old mice (Rossi et al., 2005), thus raising
the possibility that, rather than being a harbinger of aging,
the reduced production of lymphoid cells is governed by
mechanisms distinct from that process.
It remains to be determined how these declines in lym-
phopoiesis contribute to the severe alterations in innate
(Solana et al., 2006) and adaptive (Weng, 2006) immunity
observed in the elderly. An understanding of the mecha-
nisms underlying the decreased robustness of lympho-
poiesis in older individuals is also of clinical relevance
when disease or therapeutic intervention results in de-
pletion of the peripheral lymphocyte pool. In the latter
case, the issue is whether elderly individuals maintain
a reserve of lymphoid progenitors sufficient to replenish
lymphocyte numbers in the periphery. Even if this is the
case, whether the lymphocytes exported from bone
marrow and thymus are functional must be considered
in view of the fact that their progenitors exhibit defi-
ciencies in growth and differentiation.
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